We present the first direct measurement of the spatial cross-correlation function of high-mass X-ray binaries (HMXBs) and active OB star-forming complexes in the Milky Way. This result relied on a sample containing 79 hard X-ray selected HMXBs and 458 OB associations. Clustering between the two populations is detected with a significance above 7σ for distances <1 kpc. Thus, HMXBs closely trace the underlying distribution of the massive star-forming regions that are expected to produce the progenitor stars of HMXBs. The average offset of 0.4±0.2 kpc between HMXBs and OB associations is consistent with being due to natal kicks at velocities of the order of 100±50 km s −1 . The characteristic scale of the correlation function suggests an average kinematical age (since the supernova phase) of ∼4 Myr for the HMXB population. Despite being derived from a global view of our Galaxy, these signatures of HMXB evolution are consistent with theoretical expectations as well as observations of individual objects.
Introduction
High-mass X-ray binaries (HMXBs) are systems in which a compact object (usually a neutron star, but sometimes a black hole candidate) accretes from a massive stellar companion (M 10 M ⊙ ). The massage relation in stellar evolution predicts that ∼ 10 7 yr elapses between starbirth and supernova in high-mass stars (Schaller et al. 1992) . Thus, HMXBs are relatively young systems which are not expected to migrate far from their birthplaces: sites with a recent history of massive star formation, i.e., the OB associations that trace the Galactic spiral arms (e.g. Brown et al. 1999) .
Observational evidence linking Galactic HMXBs and OB associations has been demonstrated in individual cases in which the connection is attested by other factors: i.e., consistent proper motions and distances, the position of the HMXB donor star with respect to the main sequence (MS) of the OB association on color-magnitude diagrams, etc. On a Galactic scale, however, the evidence is limited to comparing distributions of Galactic longitudes (l) or galactocentric distances (R) (e.g., Grimm et al. 2002; Dean et al. 2005; Bodaghee et al. 2007; Lutovinov et al. 2008) . Both HMXBs and OB associations show maxima around Galactic longitude l ∼ 30
• which corresponds roughly to the direction of the Norma and Inner Perseus Arms (upper panel of Fig. 1 ). Moderate peaks are found towards the Carina, Scutum, and Sagittarius Arms. This suggests that HMXBs are spatially correlated with active sites of massive-star formation. This correlation is further exemplified by the similarity in the distributions of galactocentric distances of HMXBs and OB associations: both distributions can be approximated by Gaussians centered on the galactocentric distance of the Sun (lower panel of Fig. 1 ).
Recent efforts to describe the Galactic distribution of HMXBs raised the intriguing possibility of an offset between the peak in the HMXB longitudinal distribution with respect to the tangent to the Norma Arm Dean et al. 2005; Bodaghee et al. 2007; Lutovinov et al. 2008 ). This direction features the highest formation rate of massive stars (Bronfman et al. 2000 ). An offset would imply that we are witnessing the systematic delay (≡ kinematical age) between the epoch of star formation and the moment when these massive binaries became X-ray emitters. Figure 2 presents the population of HMXBs and OB associations in the Milky Way as it would appear to an observer situated above the Galactic Plane. Thanks to an increase in HMXB statistics, and by using a recent Galactic spiral arm model (Vallée 2008) , we can now attribute the apparent offset, at least partly, to foreground sources that are unrelated to the Norma Arm, and to sources located towards the tangent to the Inner Perseus Arm. The extension of the latter arm into the Inner Galaxy was not considered in previous spiral arm models (see also Hou et al. 2009 ).
Clearly, a precise study of the spatial relation of massive star-forming regions and the HMXBs they spawn can offer valuable insight into stellar and Galactic evolution. The drawback with longitudinal or galactocentric distance distributions is that these histograms consider only a single dimension at a time. In effect, they project an entire spatial component (R in the case of a longitudinal distribution, and l in the case of a galactocentric distance distribution) onto the other component. Precious information about the true proximity of objects in the two populations is lost. Hence, these methods can not accurately assess the spatial relation, restricting their ability to provide the characteristic scales that would help us understand how HMXBs are distributed in the Milky Way.
A better approach is to consider the spatial (or cross-) correlation function ξ (or SCF). This function provides a statistical measure of the clustering of point sources in multi-dimensional maps of the sky. It is frequently used to relate active galactic nuclei with clusters of galaxies (e.g. Peebles 1980; Landy & Szalay 1993) . In Section 3, we adapt the methods described in these papers to suit the study of HMXBs on a Galactic scale, and we assess biases in Section 4. Our findings are discussed in the context of stellar and Galactic evolution in Section 5.
Data
We selected all sources from Bodaghee et al. (2007) which are confirmed or strongly suspected of being HMXBs. This catalog contains hard X-ray detected sources ( 20 keV), meaning that their detection does not depend on the photoelectric absorption that blocks Fig. 2 .-Galactic distribution of HMXBs whose distances are known (79, filled triangles) and the locations of OB associations from Russeil (2003) (458, circles) . The symbol size of the latter is proportional to the amount of activity in the association (≡ amount of ionizing photons as determined from the radio continuum flux). The spiral arm model of Vallée (2008) is overlaid with the Sun situated at 7.6 kpc from the Galactic Center (GC). HMXBs whose distances are not known have been placed at 7.6 kpc (23, empty triangles), i.e., the Sun-GC distance assumed in Vallée (2008) ; note that these sources are not included in the cross-correlation analysis. The shaded histogram represents the number of HMXBs in each 15
• bin of galactic longitude as viewed from the Sun.
soft X-rays ( 5 keV). A number of discoveries have been made since the original catalog was published, and these new sources were included as well. Many HMXBs are listed on the IGR Sources Page which we keep current 1 . The date of April 1, 2011, represents the cut-off after which we no longer considered new information.
For each HMXB, we searched through the literature and extracted the most recent distance measurement and related uncertainty when available. We strove to consider only distances that were derived from observations of the optical/IR counterpart, and not distances assumed from, e.g., being in the line of sight of a particular spiral arm or the Galactic Center (GC). Any HMXB suspected of or confirmed to belong to the Magellanic Clouds was excluded. The final sample consists of the 79 X-ray selected HMXBs listed in Table 1 . The positions and distances of OB-forming complexes are drawn from Russeil (2003) . These complexes are large and excited H II regions which include OB associations, but we will use the term "complex" interchangeably with "association." We rejected OB associations that are located more than 20 kpc from the GC resulting in 458 associations.
We emphasize that the HMXB and OB samples are drawn exclusively from the Milky Way. Linden et al. (2010) argue that galaxies with a metallicity comparable to that of the Milky Way produce few luminous black hole HMXBs such as Cyg X-1 or SS 433 (see also Mirabel et al. 2011) . Hence, the HMXB sample contains mostly neutron star HMXBs classified into one of three groups: the transient emitters with Be companions (BEXBs), the mostly persistent emitters with supergiant companions (SGXBs), and the fast Xray transients with supergiant companions (SFXTs).
The Spatial Correlation Function
For a given HMXB in a volume element δV 1 , the probability δP (in excess of Poisson) of finding an OB association in a volume element δV 2 separated by a distance r (in kpc) is:
The mean number densities are given by n 1 and n 2 where the subscripts refer to the two populations: HMXBs (1) and OB associations (2). These are young objects that remain within 45 ± 20 pc of the Galactic Plane (Reed 2000) , so we assume that the displacement along the z-axis is negligible, and surface (rather than volume) elements are used.
Rings of 1-kpc thickness (from 0 to 20 kpc) are constructed around each HMXB. In each ring, we count the number of observed OB associations, and we keep a separate tally of the number of OB associations Fig. 3 .-Spatial correlation functions ξ(r), where r represents the distance from a given HMXB (in kpc), are presented for both estimators. Three random distributions were considered: a Gaussian ring centered at 7.6 kpc with σ z = 2.5 kpc; a uniform disk for 0 ≤ r ≤ 16 kpc; and a uniform disk with a hole at 2 kpc from the GC. The curves are slightly shifted horizontally in order to allow the 1-σ error bars to be clearly distinguished. At short distances from a given HMXB, ξ > 1. This suggests that the closest neighbors of an HMXB tend to be observed OB associations rather than OB associations drawn from a random distribution.
drawn from a random distribution. An HMXB-OB pair is referred to as a DD 12 -pair (for data-data pair), while an HMXB-random OB pair is labelled DR 12 (for data-random). In this way, we construct ξ for each radius according to the definition of Peebles (1980) :
If ξ = 0, which implies that each ring contains as many DD-pairs as DR-pairs, then Eq. 1 is simply a uniform Poissonian probability. However, if ξ > 0, then there is a higher chance of an HMXB having a neighbor that is an observed (rather than a randomized) OB association. Landy & Szalay (1993) propose a more robust estimator for ξ in which the variance is nearly Poissonian: Fig. 4 
Three random distributions were considered: a disk model in which the OB associations were uniformly distributed between 0 an 16 kpc from the GC; a disk model with a hole, i.e., a uniform distribution from 2 kpc to 16 kpc from the GC; and a Gaussian distribution centered at 7.6 kpc from the GC with σ z = 2.5 kpc. The boundaries, centroid, and width of the Gaussian were chosen to be consistent with the observed distribution of HMXBs and OB associations (see Fig. 1 ). Each random distribution contained the same number of OB associations as the observed OB sample (458) occupying similar surface areas so n D and n R are equal. One thousand trials were performed with each randomization model. The average ξ, along with its 1-σ uncertainties, are shown in Fig. 3 .
All three randomization models and both estimators of ξ lead to the same result: near an HMXB, the probability of finding a known OB association is higher than expected from Poisson statistics. In other words, HMXBs and OB associations are clustered together.
Our measured value of ξ(r < 1 kpc) = 1.61 ± 0.22 (Gaussian case) implies that xDD ∼ DR (where x ∼ 2.6), i.e., around a given HMXB, one counts between 2 and 3 times as many observed OB associations as randomized ones. We are well below the value of ∼458 anticipated for perfectly-correlated samples, but statistically well above the value expected for no correlation whatsoever (ξ ∼ 0).
For r < 3 kpc, the clustering signal from the Peebles (1980) estimator is 7-11σ in excess of Poisson (up to 17σ for the Landy & Szalay (1993) estimator). The observed and random surface-density distributions are statistically compatible only at large radii (i.e. r 5 kpc). Notice that while ξ(r < 1 kpc) > ξ(2 ≤ r < 3 kpc), the standard deviation of ξ decreases as we move away from an HMXB (up to a certain limit). This is simply a consequence of the increase in the surface areas, and hence the number of possible pairs, with increasing radius.
Of the three models, the Gaussian distribution provides the best approximation since its ξ deviates the least from Poisson statistics at short distances. The disk distributions (with and without a central hole) are no longer considered.
Statistical and Systematic Biases
Observational biases affect the correlation function of the objects in the survey. This is not trivial as the distribution of HMXBs and OB associations are, a priori, not well understood. The type of random distribution that one chooses leads to a systematic bias. This is readily apparent from Fig. 4 where the distances between pairs of HMXBs and observed OB associations are compared with the distances between pairs of HMXBs and Gaussian-randomized OB associations. Despite the fact that the distributions have similar mean and variance values, the higher moments of the distributions (skewness and kurtosis) disagree. A Kolmogorov-Smirnov test yields a probability of less than 10 −7 of statistical compatibility between the two distributions.
Selection bias is also important. An HMXB situated far from the Sun needs to be correspondingly more luminous in order to be detected in the X-rays. Large distances also make the optical classification as an HMXB more difficult: line spectroscopy of the donor star is hindered by reddening and absorption from interstellar material in the Galactic Disk. This leads to a preponderance of HMXBs (as well as ob- served OB associations) close to the Sun, and a paucity of such objects situated behind the GC and its bar: a region referred to as the "zona Galactica incognita" (e.g., Vallée 2002) . The random distributions of HMXBs and OB associations that we generated did not consider this observational sampling bias.
It is reasonable to expect symmetry in the distribution of HMXBs and OB associations around the Galactic Disk. However, the fact that there are less HMXBs detected (with distances measured) in the zona incognita will surely affect the SCF. Therefore, we generated the SCF for a restricted boundary corresponding to a circle of 8-kpc radius around the Sun-a perimeter inside of which most HMXBs and OB associations should be detectable and their distances known with reasonable accuracy. When only pair counts of objects (54 HMXBs and 361 OB associations) in the Solar neighborhood are considered, the clustering signal at small radii persists with a statistical significance of 7σ for r < 1 kpc (see Fig. 5 ).
Some HMXBs have distances with uncertainties that are on the order of, or larger than, the 1-kpc spatial binning that we used. The counts per ring will Fig. 6 .-The clustering remains significant even when the HMXBs are perturbed within a range defined by the uncertainties on their distances. Top: Three-sigma boundaries (gray shaded region) from multiple SCFs generated by randomly shuffling (according to a Gaussian distribution) the line-of-sight distance to each HMXB within its distance uncertainty. The blue dotted line and data points represent the non-perturbed (i.e., observed) SCF as presented in Fig. 3 . Bottom: The distribution of the clustering significance from all reshuffling trials where significance is defined as ξ(r)/σ. From left to right, the panels present the distributions for ξ(r < 1 kpc), ξ(1 ≤ r < 2), and ξ(2 ≤ r < 3). fluctuate depending on the distance precision quoted in the literature. To account for this bias, we shuffled each HMXB according to a Gaussian profile within its line-of-sight distance range as defined by its error bars. When an error bar was not provided in the literature, we set the uncertainty range to be equal to the average of the known error bars of the sample (1.5 kpc). Then, we regenerated ξ for each of the 100 randomlyshuffled HMXB distributions. Keep in mind that the OB distribution is itself randomized 10 3 times per trial, which means that the total number of different HMXB-OB configurations that we tested is actually 10 5 .
Even when the HMXBs are perturbed within their line-of-sight uncertainties, the clustering signal remains above 7σ in all trials for r < 3 kpc from a given HMXB (Fig. 6) . Consider a conservative as- Fig. 7 .-The SCF is presented comparing the locations of OB associations, and an equivalent number of points representing the four-arm spiral model of Russeil (2003) . The randomized catalog assumes a Gaussian ring distribution and the Galactocentric distance of the Sun is set to 8.5 kpc, i.e., the value used in Russeil (2003) .
sumption that says the clustering is significant only when ξ ≥ 1 (i.e., when each ring around an HMXB contains at least twice as many observed OB associations as random OB associations). We find that 97% of the correlation functions describing the shuffled distributions satisfy this stringent criterion. A little over half of the trials (53%) yield a ξ value that is above this cutoff at the 3-σ level. Based on the >99% confidence interval displayed in Fig. 6 , we estimate a systematic uncertainty of 5% on ξ.
Potential differences in the scale heights of the two populations has thus far been ignored. A few HMXBs present high velocities tangential to the Galactic Plane (e.g., 4U 1907+09, Gvaramadze et al. 2011) . By projecting this velocity component onto the Galactic Plane, we can expect to underestimate the true offset between an HMXB and a nearby OB association. This will lead to samples that are more correlated than they should be. Therefore, we calculated the Galactic scale height for members of our HMXB and OB samples. The average scale heights are in good agreement at 0.1 kpc for both samples with standard deviations of 0.1 and 0.4 for HMXBs and OBs, respectively. This suggests that at the 3-σ level, HMXBs are located at most 0.4 kpc above or below the Plane. This value is consistent with the characteristic scale and average minimum offset that are discussed in Section 5. Ninety percent of the HMXBs (70/79) are within 0.25 kpc of the Plane with no HMXBs located further than 0.55 kpc from the Plane. Therefore, we are justified in using the 2-D distribution since any increase in the correlation significance caused by this projection effect will be negligible given that these offsets are less than the 1-kpc width of each ring in our correlation analysis.
We tested the correlation between HMXBs and OB associations against the spiral arm model of Russeil (2003) whose equations represent the best-fitting fourarm logarithmic spiral to the locations of the starforming complexes shown as blue circles in Fig. 2 . Here, we adopted the Sun-GC distance of 8.5 kpc assumed in the model. This model yields an overdensity of points describing an arm in the inner Galaxy compared with the same arm in the outer Galaxy (i.e., as one loops through the range of angles that trace an arm from the inner to the outer Galaxy, the actual distance separating successive points becomes larger). Thus, in order to reduce this bias, we extracted 115 points chosen at random along each of the four arms (460 total: i.e. equivalent in number to the 458 observed OB associations). We performed a visual check and verified that the spiral pattern was easily discernible with no major gaps (> 2 kpc) along an arm. Figure 7 shows that there is no significant correlation between OB associations and the spiral arms with ξ(r) ∼ 0 for all r (i.e., DD ∼ DR for all r). Similarly, we found no significant clustering between HMXBs and the points representing the spiral arms. Restricting the analysis to objects in the Solar vicinity (i.e., within 8 kpc of the Sun) leads to similar conclusions, so we can rule out an apparent lack of distant OB associations (or HMXBs) skewing the results. In other words, around any given OB association (or HMXB), one tends to find as many neighbors drawn from a randomized Gaussian ring distribution, as neighbors representing the spiral arms. These comparisons of our observed stellar samples with the Galactic models allow us to conclude, as acknowledged by Russeil (2003) , that such spiral arm models are an overly simplistic representation of the real picture.
In another test, we randomized the HMXB distribution (using the Gaussian ring approximation) and we assumed that this sample was the observed HMXB set. The ξ relating randomized HMXBs and OB associations is presented in Fig. 8 . There is a moderate deviation from Poisson statistics at short radii for the Peebles (1980) estimator (whose values are >0 at all radii, as expected since the distributions are similar), while there is no deviation for the Landy & Szalay (1993) estimator. This suggests that even though the randomization model mimics the global distribution of the observed HMXB sample, it is the observed HMXB distribution that is clustered with the OB associations.
Clustering between HMXBs and OB associations is expected. How would ξ react if HMXBs were compared to a population of sources for which no spatial correlation is expected? We tested the correlation functions of HMXBs against a set of 133 globular clusters from Bica et al. (2006) that are located less than 20 kpc from the GC. Globular clusters contain older populations such as cool KM dwarf stars and lowmass X-ray binaries (LMXBs). Unlike HMXBs, globular clusters (and LMXBs) are densely packed in the Galactic Bulge and their numbers drop exponentially with increasing radius from the GC (Bodaghee et al. 2007 ). The random distribution of globular clusters was thus modeled as an exponential decay law adjusted to be consistent with the observed distribution. Figure 9 shows that ξ between HMXBs and globular clusters is consistent with 0 for r < 1 kpc from an HMXB. For any given HMXB, its immediate neighbors were just as likely to be drawn from the observed set as from the random set. Shot noise dominates at large distances.
The results of these tests suggest that the crosscorrelation function is assessing the real spatial clustering of populations (within the uncertainties) rather than some global property that they share. In other words, the significant clustering that we measured between HMXBs and OB associations (Fig. 3) is due essentially to the physical locations of the individual objects in space, as opposed to being an attribute of the overall populations, e.g., that they appear to trace the spiral arms, or that they seem to follow a Gaussian distribution, etc. in the forward (+) and reverse (−) directions of time. The continuous curve represents the values for ξ(r < 1 kpc), the dashed curve is ξ(1 ≤ r < 2), and the dotted curve is ξ(2 ≤ r < 3).
Discussion
There are several questions that we seek to address using the SCF. What is the characteristic scale of the clustering between HMXBs and OB associations? Can this scale be used to constrain the amount of migration due to the effects of Galactic rotation (see, e.g., Ramachandran & Deshpande 1994) , and perhaps due to the primordial "kick" velocity imparted to the system during the formation of the compact object? Overall, what can this scale tell us about the evolutionary history of HMXBs?
Galactic Rotation
According to the density-wave theory of spiral galaxies (Lin & Shu 1964; Lin et al. 1969) , the velocity of the spiral pattern is only half that of the material moving in and out of the arms. These arms appear stationary to an observer in a non-inertial reference frame that is rotating at the pattern speed, while the motions of individual objects within the Galaxy are not. As material encounters the quasistatic density waves, it is shocked and compressed which allows the Jeans criterion to be satisfied locally, triggering fragmentation of the cloud, and ultimately star formation.
Massive stars in binary systems have a main sequence (MS) lifetime of around 5×10 6 yr (Schaller et al. 1992) . The exact age depends strongly on the stellar mass and spectral type. In addition, there is a systematic delay of ∼ 4 × 10 6 yr between the supernova phase and the X-ray emission phase (van den Heuvel 1983). The X-ray phase lasts only 10 4 yr (Iben et al. 1995) which is negligible on these timescales. In 10 Myr, a combination of global (Galactic rotation) and local effects (e.g., supernova kicks, cluster outflows, and dynamical ejections) will cause newly-formed O and B stars to eventually migrate away from the dense gaseous regions in which they were born. In principle, each spiral arm includes three components (Lin et al. 1969 ): a dusty strip in which the gas concentration and OB star formation rate are highest; a lane of luminous and recently-formed OB stars that have ionized large regions of gas (H II); and a wider lane of post-MS, red, or dying supergiant stars with smaller H II regions. The HMXBs should be found among the recently-formed OB stars and the post-MS stars.
Outside of the inner Galaxy (i.e., galactocentric radius R 2 kpc), objects orbit around the GC at a velocity of ∼200 km s −1 (e.g., Merrifield 1992; Brand & Blitz 1993; Glushkova et al. 1999; Sofue et al. 2009 ). Thus, a star at the Solar galactocentric radius (7.6 kpc) will have moved 6.3 × 10 15 km (200 pc) in 1 Myr (defined as the migration timescale or τ), assuming a circular orbit. In this manner, we rotated the HMXBs in space along their galactocentric orbits corresponding to τ = 1-10 Myr (in steps of 1 Myr) of circular motion in both the forward (+) and reverse (−) directions of time (clockwise and counterclockwise, respectively, in Fig. 2) . Figure 10 presents the values of the SCF resulting from these shifts for small radii (r < 3 kpc from an HMXB). When the radius is larger than ∼5 kpc, ξ is compatible with Poissonian statistics, and so these curves are omitted for clarity.
Certain shifts increase the amplitude of the clustering signal. Increases in the amplitude of ξ are directly related to an increase in the number of observed OB associations contained within the specified radius around the shifted HMXBs. This is because the randomized OB distribution is axisymmetric with respect to the GC, and so the number of random OB associa-tions inside the radius remains relatively constant under shifts in either direction. Given that these shifts are small ( 2 kpc), their effect on ξ diminishes with increasing distance from an HMXB, as illustrated by the trend towards flatter curves for ξ(1 ≤ r < 2 kpc) and ξ(2 ≤ r < 3 kpc). We are mainly interested in clustering at short scales so, henceforth, our discussion will focus on ξ(r < 1 kpc) (the solid curve in Fig. 10) . At small radii, the Peebles (1980) estimator provides sufficiently reliable results while also being more efficient computationally compared with the Landy & Szalay (1993) estimator.
If HMXB migration were related solely to Galactic rotation, then we would expect to see the amplitude of ξ maximized for migration timescales around −10 Myr. Instead, we find that the amplitude of ξ is maximized for migration timescales between −2 and −7 Myr. This suggests that young binary systems (prior to the formation of the compact object) are gravitationally bound to their birthplaces, in most cases.
Another consequence of Galactic rotation is that more HMXBs should appear on the leading edge of a spiral arm than on its trailing edge (because of the factor 2 difference between the bulk and pattern speeds). Visual inspection of the Carina Arm (Fig. 2) reveals no clear asymmetry in the distribution of HMXBs with equivalent numbers on either side of the arm. In the inner Galaxy, the tight spacing between arms combined with the uncertainty in the radial direction prevents us from visually assigning an HMXB to a specific arm. Nevertheless, since ξ is a good indicator of the average proximity of HMXBs to the OB associations that trace these arms, we should see an asymmetry in its distribution with higher values of ξ at negative timescales than at positive timescales.
Indeed, there is a slight preference for migration towards the leading edge of spiral arms as hinted at by the asymmetric distribution and the downward trend in ξ for −5 Myr τ +5 Myr. The amplitude of ξ is greater for negative migration timescales (τ ∼ −4 Myr) than it is at rest (τ = 0 Myr). However, the amplitude of ξ for small positive migration timescales (i.e., +2 Myr τ +3 Myr) is equivalent to that at rest which suggests that some HMXBs migrate in directions different from that of the bulk motion. This is another indication that we are not witnessing the effects of Galactic rotation alone.
Kick Velocities
Galactic rotation can not fully explain the behavior of ξ under different migration timescales. One mechanism suspected of giving an HMXB a significant velocity is the primordial kick inherited by the binary during the supernova event that created the compact object. This runaway velocity (with respect to its OB association) can be produced by asymmetric supernovae (Shklovskii 1970) , or from recoil due to anisotropic mass loss from the primary to the secondary (Blaauw 1961) . Factors external to the binary can also allow it to escape from its parent association: e.g,, dynamical ejection and cluster outflows (Poveda et al. 1967; Pflamm-Altenburg & Kroupa 2010) .
Theoretical estimates for post-SN kick velocities are v k ∼70-120 km s −1 (Brandt & Podsiadlowski 1995) , assuming a non-eccentric, 1-25-d orbital period binary system composed of a 5 M ⊙ star that explodes in an asymmetric supernova leaving behind a 1.4 M ⊙ NS that tugs its hefty 15 M ⊙ donor star. Velocities typical of isolated pulsars (200 km s −1 or even 350 km s −1 ) have been suggested depending on the initial conditions in the binary (Portegies Zwart 1995; van Bever & Vanbeveren 1997) . van den Heuvel et al. (2000) distinguish between kick velocities in SGXB systems from those of BEXBs: ∼40 and ∼15 km s −1 , respectively. Selecting only the 38 SGXBs or only the 35 BEXBs from the HMXB sample yield consistent results: both populations show 6-σ clustering with OB associations with no statistically significant differences between SGXBs and BEXBs.
In certain cases, the value of the kick velocity can be derived from the the radial velocity or proper motion when the identity of its parent OB association and the line-of-sight distances are known. The HMXB can then be traced back to its birthplace leading to an estimation of its kinematical age. Observations of the SGXB LS 5039 set v ∼ 150 km s −1 which constrains the time since its supernova to within 1.1 Myr (Ribó et al. 2002) . Another BEXB, LS I +61
• 303, has v = 27 km s −1 and experienced its supernova 1.7 ± 0.7 Myr ago (Mirabel et al. 2004 ). The SGXB 4U 1700−377 shows v = 75 km s −1 with its supernova 2.0 ± 0.5 Myr ago (Ankay et al. 2001) . Vela X-1, which is also a SGXB, has v = 90 km s −1 with 2 ± 1 Myr having elapsed since its supernova (van Rensbergen et al. 1996) . Recently, the velocity of the SGXB 4U 1907+09 was measured at ∼ 160 km s −1 with respect to the Galactic Plane. Its kinematical age is only 0.1 Myr (Gvaramadze et al. 2011) . The latter two systems present bow shocks as they move through the interstellar medium confirming the supersonic velocities of these HMXBs. Table 2 summarizes these measurements.
We emphasize that there is no clearly-identified OB association for most HMXBs in our sample. Yet the vestiges of this dynamic history are imprinted on the overall HMXB distribution. Consider the distance separating each HMXB from its nearest OB association (e.g., van den Heuvel et al. 2000) . Excluding separations larger than 1 kpc, because they are less likely to be from post-natal kicks, we obtain an average minimum distance of r min =0.4±0.2 kpc. With this r min , and with ξ maximized at τ ∼ −4 Myr (Fig. 10) , we estimate an average velocity of 100±50 km s −1 for the HMXBs in our sample. This is consistent with measurements of the kick velocities in individual objects (see Table 2 and, e.g., Gunn & Ostriker 1970; Stone 1979) .
Alternatively, with r min = 0.4 ± 0.2 kpc and assuming v = 100 km s −1 , this translates to a migration timescale of 4±2 Myr which is consistent with theoretical predictions for the average kinematical age of runaway massive binaries (Blaauw 1961; Stone 1979; van Oijen 1989) . Notice that these kinematical age and distance scales are consistent with the distribution of ξ whose value is maximized between −2 and −7 Myr (Fig. 10) . The lack of an equivalent increase in the value of ξ between +2 and +7 Myr (which we would expect for kicks in random directions) is consistent with the effects of Galactic rotation, and is supported by Carney et al. (2005) who found a significant deficiency in the number of objects moving in retrograde Galactic orbits, at least for metal-poor binary stars in the Solar neighborhood. The range of shifts that increase the correlation amplitude is wide reflecting the broad parameter space of velocities and kinematical ages represented within the HMXB class. Dynamical ejection from the cluster prior to the supernova phase can lead to runaway velocities of the order of 150-200 km s −1 (Poveda et al. 1967; Gies & Bolton 1986; Pflamm-Altenburg & Kroupa 2010) . This would make it difficult to retrace the trajectory of the HMXB back to its parent association, and the migration distance would be larger than expected from a kick alone. This is another factor contributing to the wide range in the shifts that increase the amplitude of ξ.
Thus, the observed distribution of HMXBs in the Milky Way is consistent with the view that these systems have high velocities, on average. Chevalier & Ilovaisky (1998) arrived at the same conclusion by deriving the peculiar velocities of 17 HMXBs using HIPPARCOS observations (see also van den Heuvel et al. (2000) concerning unreliable distance estimates for these sources). This feature is not unique to the Milky Way since HMXBs in the Small Magellanic Cloud also possess large velocities, on average (Coe 2005) . Minimum separation distances can provide clues to the HMXB-OB connection in specific cases (e.g., van den Heuvel et al. 2000) .
For example, there are 8 HMXBs in our sample for which the uncertainty on the line-of-sight distance is smaller than the distance separating it from its nearest OB association: 1H 1249−637, Cyg X-3, EXO 2030+375, gam Cas, IGR J18027−2016, IGR J18483−0311, IGR J19140+0951, and SS 433. Those with separations smaller than the average minimum separation distance (∼0.4 kpc) are prime examples of HMXBs whose migration distances are consistent with those expected from post-natal kicks. Small separation distances can result from kick velocities that are lower than average, which can occur during the formation of a black hole since less material is expected to be expelled during the supernova (or gamma-ray burst) that created it (e.g., Mirabel & Rodrigues 2003) .
A separation distance larger than 0.4 kpc could imply that the binary inherited a higher kick velocity than average, or that it experienced dynamical ejection prior to its supernova (placing the system further away from its OB association than would be expected from its velocity and kinematical age). Another possibility is that the OB association that produced the HMXB is no longer active enough to be catalogued: massive stars can photo-evaporate their molecular clouds on timescales of 30 Myr (e.g., Williams & McKee 1997) .
On the other hand, if the HMXB distance is relatively accurate (i.e., within ±0.5 kpc), and if the distance to the nearest OB association is less than this uncertainty, then this increases the likelihood that the objects were linked in the past. This is the case for 12 HMXBs in our sample: 4U 1700−377, Cyg X-1, GX 301−2, GX 304−1, H 1145−619, IGR J01583+6713, RX J0146.9+6121, RX J0440.9+4431, RX J1826.2−1450, SAX J1818.6−1703, Vela X-1, and X Per. Table 3 compiles these results. This assumes (perhaps unjustifiably) that the nearest OB association is the most likely birthplace of the HMXB being consid-ered. Confirmation of the link (or lack thereof) between an HMXB and the nearest OB association is only possible through a detailed study of the velocities of the objects, which is beyond the scope of this paper.
We close this section by pointing out that of the 79 HMXBs in our sample, 9 are located more than 1 kpc from their nearest OB association. Thus, the vast majority (89%) of the HMXBs in our sample are situated close ( 1 kpc) to an OB association. This is consistent with Zinnecker & Yorke (2007) who estimate that 5-10% of all OB stars form away from any cluster or association. Distance uncertainties are reported for 6 of 9 such sources, and these uncertainties exceed 1.5 kpc, except for H 0115+634 which has an uncertainty of ±1 kpc. This BEXB is situated more than 2 kpc from its nearest OB association. This could represent a case where the young stellar binary was formed in isolation (Zinnecker & Yorke 2007) .
Summary & Conclusions
This is the first time that the clustering of HMXBs and OB associations in the Milky Way has been demonstrated statistically. Since the correlation function relates objects in Cartesian space (adding a third dimension is trivial), this is a more robust spatial relation than those derived in prior studies which focused on the distribution of a single dimension such as longitudes or galactocentric radii.
Not only does the correlation function confirm the expected view that HMXBs and OB associations are clustered together, the characteristic scale of the correlation contains the vestiges of stellar and Galactic evolution. Migration due to the kick velocity gained by the binary after the supernova can be constrained to a few hundred parsecs. This translates to kinematical ages (time spanning the supernova and HMXB phases) of ∼4 Myr, which is consistent with theoretical expectations. We point out that these results are based on the distributions of the HMXB and OB populations which compose the "grand design" of the Milky Way. Yet even with this global view, the correlation function allows us to deduce the effects of local perturbations such as kick velocities.
The correlation function opens novel areas of research. Our upcoming Chandra survey of the Norma Arm will help locate dozens of new HMXBs which will allow us to examine the clustering of HMXBs and OB associations within a specific arm. The structure of these spiral arms should come into sharper focus with the Gaia mission (Perryman et al. 2001) . The next hard X-ray surveyor, NuSTAR , will provide unprecedented sensitivity at these energies in the hunt for HMXBs. An increase in the discovery space of HMXB populations should allow us to probe deeper into the evolutionary history of massive stars and compact objects. This will permit a better understanding of the stellar content and its distribution in the Galaxy.
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